Abstract. A strong relationship is observed between synoptic weather systems and atmospheric forcing of the ocean as estimated from buoy measurements made on the North Carolina inner shelf during August and October-November 1994 as part of the Coastal Ocean Processes (COOP) Inner Shelf Study. Synoptic variation (timescales of days to weeks) in the meteorological time series was primarily associated with the passage of atmospheric frontal systems. The most common synoptic weather pattern observed was the passage of a low-pressure center to the north of the study site, which caused the associated cold front to pass over the study region. Before passage of the cold front, warm, moist northeastward winds increased the heat flux into the ocean, whereas after the cold front passed, cold, dry southwestward winds decreased the heat flux into the ocean. In addition, in the presence of oceanic stratification, northeastward winds drove coastal upwelling, bringing colder water to the surface, further increasing the air-sea temperature contrast and hence the heat flux into the ocean inshore of the surface front between cool upwelled water and warmer water offshore. The decrease in surface heat flux during the passage of a cold front was of order 400 W m -2, due primarily to a decrease in latent heat flux. Although other synoptic patterns were observed, including one warm front passage and two tropical storm systems, the dominance of cold fronts as a source of variability resulted in a strong positive correlation between the along-shelf component of wind stress and the surface heat flux. To address the issue of spatial variation in the surface heat fluxes, data from several different sources located along a cross-shelf transect were analyzed. This analysis suggests that the temperature of the atmospheric boundary layer undergoes adjustment when warm air blows over cold water but not when cold air blows over warm water. This produces cross-shelf gradients in the bulk estimates of turbulent heat fluxes during offshore winds but not during onshore winds.
Introduction
The surface heat flux and wind stress play a crucial role in determining the behavior of the upper ocean, especially in the shallow coastal zone, where the entire water column can be directly influenced by atmospheric They found that variation in shortwave radiation and sea surface temperature (due to upwelling) were the most important factors in the seasonal variation of the net surface heat flux. SMILE was one of the first coastal oceanic field experiments to make direct observations of downward longwave radiation. In the South Atlantic Bight, Blanton et al. [1989] estimated turbulent fluxes of moisture, heat, and momentum as part of the Genesis of Atlantic Lows Experiment (GALE). They attributed variation in meteorological observations, and hence in the estimated fluxes, to synoptic weather systems. For instance, the passage of a cold-air outbreak on January 27, 1986, was responsible for an estimated decrease in the surface heat flux of nearly 1400 W m -2. Mountain Carolina. This section extended 16 km offshore and consisted of three main mooring sites, dl, d2, and d3, two of which (d2 and d3) were instrumented with meteorological equipment.
Oceanographic Setting
The CoOP Inner Shelf Study took place during August and October-November 1994, which represented two very distinct oceanic settings. During August, the water column was characterized by a strong thermocline with a temperature difference of 5øC to 9øC, usually 3 to 6m thick, at a depth of approximately 10m (Figure 2) . Upwelling-favorable (northward) winds brought the thermocline to the surface, resulting in cross-shelf sea surface temperature differences of up to 8øC (Figure 3a) , which play a significant role in determining the spatial distribution of the surface heat flux. During October-November, the water column was relatively well mixed in temperature (as inferred from mooring data), and cross-shelf temperature differences were typically less than 1øC (Figure 3b ).
Instrumentation and Other Data Sources
Many sources of data are utilized in this study to understand the fluxes at the CoOP ISS site during August and October-November 1994 and to put these observations into a wider regional and temporal context. The instrumentation is summarized in Table 1 . of IøC, though no actual uncertainty values are available. Sea surface temperature was measured using a bucket thermometer at the end of the pier, once per day, typically around 0700 local time. These data were highly correlated with buoy measurements during the August and October 1994 periods, and were used to gain some perspective on the regional seasonal and interannual variability, as well as qualitative information on the cross-shelf variation during the experiment. The surface wind stress is estimated using a stabilitydependent transfer coefficient that relates the measured wind speed to the wind stress,
where PA is air density, Ca is a stability-dependent transfer coefficient, ua is wind velocity measured at a specified height (in this case 2.7m), and us is the surface velocity of the water. The direction of the wind stress is assumed to be the same as the velocity difference vector Ua --Us.
The net surface heat flux may be considered the sum of four terms [Gill, 1982] :
QTOT --QSWNE T + QLWNE T + QLAT + QSEN, (2)
where QSWNET is net shortwave radiation, QLWNET is The net shortwave radiation flux QSWNET due to solar insolation between 0.28/zm and 2.8/zm, is estimated using
where QSWDow N is measured using an Eppley 8-48 pyranometer and Ab is the albedo of the sea surface, which is determined empirically as a function of the solar angle and atmospheric transmissivity [Payne, 1972] .
The net longwave radiation flux QLWNET is the difference between the upward longwave radiation QLWu P due to blackbody radiation from the ocean surface, calculated using the Stefan-Boltzman law, and the downward longwave radiation QLWDow N due to radiation from moisture in the atmosphere, and is measured directly. The formula for the net longwave radiation flux is QLW•:T --e(QLWDow• --ate), 
Estimation of Instrument-Induced Flux

Uncertainty
Although it is impossible to take into account all potential sources of error inherent in making surface flux estimates, it is essential to make as good an estimate as possible using manufacturer's specifications (Table  1) Table 4 .
With an estimated temperature difference uncertainty of order 1.0øC, much larger than the air temperature and water temperature instrument errors alone, the cor- 
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site, the air temperature -water temperature difference was of the same sign but smaller in magnitude during both months (Table 3) 
Synoptic Variation
The standard deviation of the low-passed net surface heat flux was approximately 135Wm -2 (Table 2) The changes in air temperature AT, specific humidity ASH, and surface heat flux ASHF, were estimated by judging the maximum change in these parameters in a 24 hour window around the frontal passage. Low pass filtered surface heat flux was used for this purpose. Wind direction is defined such that 0 ø is directly offshore, 90 ø is alongshore poleward. To illustrate the influence of a cold front passage on the surface fluxes, the passage of a cold front on November 7 is examined in detail (Figures l0 and ll) . As the low-pressure center moved to the northeast, the cold front passed over the study region, resulting in a significant change in the local meteorology. First, a drop in pressure on November 6 preceded the oncoming cold front. As the front passed the study site, the wind changed direction from northeastward to southwest- [1991] of up to 600 W m -2 during frontal passages.
An event occurring on October 15 is presented next as an example of the influence of the passage of a tropical storm (Figures 12 and 13) . A low-pressure center developed in the South Atlantic Bight and eventually moved north, to the east of the study site. In this case, the site was never in the "warm sector" of the low-pressure system, and no fronts passed over the region during the event. Consequently, the observed winds shifted slowly from southwestward to southeastward, consistent with the passage of a low-pressure center from south to north, east of the site. In addition, clouds preceded the pressure minimum for 2 days, and winds gradually built to 15 m s -1 as the low passed, with the most intense winds being concurrent with the lowest pressure. The specific humidity slowly dropped of the order of 0.005 kgm -3, and the air temperature dropped 4øC. Owing to the de- During October and November, the only large crossshelf gradients in surface water temperature occurred during an intrusion of warm, salty water and subsequent mixing event, which commenced on November 2. During this event, the surface water temperature at NDBC 44019, 54km offshore, attained a maximum along the central line but was still, at most, 2.5øC warmer than surface water at buoys closer to shore.
Air Temperature Field
The air temperature was measured at FRF, d2, NDBC 44006, NDBC 44019, and NDBC 44014. Cross-shelf gradients in air temperature appeared to be due primarily to adjustment in the marine atmospheric boundary layer and were different during onshore and offshore winds (Figure 17) . Cross-shelf differences in air temperature were generally large during offshore winds and small during onshore winds. During offshore winds, large cross-shelf differences occurred within the closest 34km of shore. Offshore winds tended to be concurrent with upwelling-favorable winds in August, during which the air-water temperature contrast at the FRF was as large as 10øC. The air temperature difference between the FRF and d2 was a strong function of the air-water temperature contrast during offshore winds (Figure 17) . When warm air blew over cold water, the air temperature decreased with distance offshore, consistent with the cooling of air in contact with the cool All wind data were adjusted to 5-m height using neutral stability assumption. 
Implications for Meteorological Forcing
As the turbulent heat fluxes depend on the difference between the air and water temperature, the cross-shelf structure of this quantity is of interest. Both the air and water temperature cross-shelf gradients were functions of the wind direction, and the air-water temperature contrast will be viewed from that perspective.
During August, the greatest difference between air and water temperature (Figure 18 ) occurred at the pier, with differences of up to 10øC during strong offshore, poleward (upwelling-favorable) winds. This difference During August, the total instantaneous cross-shelf difference is often large compared to the temporal variations observed at d2, up to 400Wm -2 during offshore (upwelling) winds, but much smaller during onshore (downwelling) winds. In the October time period, the meteorological fields exhibit less cross-shelf variation, and this is reflected in the relatively small differences in the estimated fluxes across the shelf. Table 6 bTotal was computed using downward longwave and shortwave from d2.
CLatent values for d2 are from bulk formula, not Bowen ratio. 
Conclusions
Data collected in August and October-November 1994 were used to estimate atmospheric forcing on the North Carolina inner shelf north of Cape Hatteras. Most of the variation at the synoptic scale can be attributed to one of three types of events: cold fronts, which occurred a total of nine times during the two time periods; tropical storms, which occurred twice; and one warm front.
All of these events were associated with lowpressure synoptic weather systems. The structure and orientation of the cold fronts, the most common event, led to a strong correlation between wind direction and the estimated surface heat flux. When the water was vertically thermally stratified, the correlation between the wind direction and the air-water temperature difference was enhanced by upwelling-favorable winds bringing cold water to the surface, further increasing the heat flux into the ocean. A strong cross-shelf gradient in the surface heat flux is postulated during offshore, poleward winds in August, owing to observed cross-shelf gradients in air and water temperature. Cross-shelf gradients at other times, including all of the October time period, appear to be much smaller. 
